The design and modeling of a thermal bonding process for the consolidation of 3D nonwoven shell structures is described. The process is modeled using CFD technology to optimize the temperature, velocity and pressure distribution of the hot air flow around the 3D structure. The relationships between the temperature distribution and various process parameters are investigated. The modeling results are experimentally evaluated on a laboratory prototype.
Introduction
In the first part of our report [1] , we presented the design of the web forming process for the production of 3D nonwoven products directly from staple fibers. In this second part, we discuss the consolidation process for imparting the required textile properties to the 3D webs. In the web forming section, the fibers are opened by an opening unit and then carried by airflow to 3D moulds to form 3D webs. The 3D webs are then moved from the web forming section into the consolidation section for bonding. After evaluating various bonding techniques, through-air thermal bonding was chosen for the consolidation of the 3D web for its simplicity. In order to achieve the desired bonding effect, the velocity, pressure and temperature distributions of the hot air inside the bonding chamber and around the 3D web have to be controlled within a defined range. This is more difficult for 3D shapes than flat sheets because the flow angle to the web varies around the 3D surface. In order to solve this problem, the system design is optimized by CFD modeling.
CFD Modeling
The geometry of the air system can be optimized experi-mentally by building and testing various system structures, but this is costly and time-consuming. Mathematical modeling of the air system provides a quicker and more costeffective way of optimizing the design. Figure 1 shows schematically the design of the consolidation chamber. The hot air inlet is connected to a hot air reservoir and duct heater though flexible adiabatic pipes. The air outlet is connected to the suction fan. The air guide is designed to improve the flow distribution around the web. The position of air guide can be adjusted along the central axis. The mould is made of perforated mesh. Figure 2 shows the computational domain of the system, which is constructed using the Fluent/UNS CFD software [2] . As described previously [1] , we used Hexahedral grids for constructing the computational domain and the RNG- [2, 3] for the modeling process to take into account of the swirl that we expected in our system.
In this part of our work, several special aspects are involved -heat transfer, turbulence flow, time-dependent flow, and buoyancy-driven flow. The parameters of these have to be specified carefully according to the physical properties of the system along with the boundary condi-tions. The boundary conditions at the hot air inlet and outlet are listed in Tables 1 and 2, respectively.
Two types of wall are involved in our system. The first type is the outer shell of the chamber made of metal sheets and covered with insulator material. This type of wall is nearly adiabatic, so a fixed heat flux model is chosen. The heat flux is estimated to be 8 w/m 2 with a wall thickness of 1 cm and a wall roughness constant of 0.5. The second type of wall is the edge part of the air guide and the mould. They have a flow region on both sides and are referred to as twoside walls. This is usually treated by coupling the two sides of the wall. The wall thickness for the air guide and the mould is 1 mm and the roughness constant is 0.5. The flat top of the air guide is treated as a porous jump.
The mould is made of perforated metal sheet. The fibrous web is deposited on the mould during the web forming process. The mould and the web are treated as a porous medium, which is solved by adding a momentum source term to the standard fluid flow equations. Fluent/UNS also provides a 1D simplification of the porous media model, "porous jump," which can be used to model a thin membrane with known velocity/pressure-drop characteristics. The porous jump model is used for a face zone instead of the full porous media model because it is more robust and yields better convergence. In this model, three parameters have to be specified. These are face permeability a, porous medium thickness Dm and pressure-jump coefficient C 2 . The values of these parameters were estimated through experiments and are shown in Table 3 .
Because the 3D computational domain for the system is symmetrical, a 2D computational domain was used for the simulation instead of the 3D computational domain, which greatly simplifies the modeling process. The vertical plane is chosen as it has the worst flow conditions because the gravity-driven buoyancy has the maximum effect in this plane.
Results and Discussion
Our aim is to have a uniform heat flow through all parts of the mould (top, side and rim). This is of critical importance because the temperature tolerance of hot through-air bonding is very narrow. As an example, for polypropylene, it should be within ±1 o C. Ideally, the hot air should pass through the web perpendicularly at all points of the web. This is very difficult to achieve for a 3D web. The flow and temperature fields inside the system were modeled. The standard condition for numerical convergence of residuals of less than 10 -3 for the variables (10 -6 for energy) was applied. Figure 3 shows examples of the time-dependent simulation results of the bonding chamber. Within the given system parameters, it can be seen that it takes approximately one second for the temperature around the 3D web to reach the required bonding temperature. The vortex generated by the air guide plays a critical role in achieving a flow with acceptable uniformity. The temperature distribution one second after the start of bonding is shown in The static temperature around the mould is within the required ±1 (K). This is important because the 3D webs are produced individually and the consolidation process is carried out in cycles and the bonding cycle time determines the production speed of the system. We also studied the time-dependent distributions of air pressure and velocity with different system designs. The procedures are similar to the temperature distribution study presented above. Figure 5 compares the maximum temperature differences around the mould when air guides of different designs were used and when no air guide was used. Clearly, the air guide with radial slots cut on the flat part of the guide is the most effective. Figure 6 compares the maximum temperature difference on the surface of the mould for three different positions of the air guide. These three cases are shown as examples. We tested many more positions in our study. The position of the air guide is determined by the distance between the air guide and the top of the mould. The most uniform temperature distribution is achieved at the distance of 130 mm.
The inlet hot air velocity also affects the flow distribution inside the bonding chamber. This is illustrated in Figure 7 . When the inlet velocity is low, the hot air tends to rise towards the upper part of the mould because of the buoyancy-driven flow effects and the temperature distribution is very uneven. The smaller the inlet velocity is, the greater this buoyancy effect will be. When the inlet velocity is higher, the compulsory convection flow that can be controlled by the air guide becomes more dominant and the temperature distribution is more even.
In order to evaluate the modeling results, experiments were carried out. Figures 8 and 9 compare the simulation and experimental temperature and flow velocity distributions over the mould surface. Although there are clear differences between the theoretical and the experimental results, the general trends are similar. In most, if not all, flow system designs, theoretical modeling can only be used as a guide. The actual flow conditions can only be accurately determined experimentally.
Conclusions
We have demonstrated that CFD is a valuable tool in the design of the hot through-air bonding system for manufacturing 3D nonwovens. A number of critical system parameters were optimized using CFD modeling. In order to control the temperature around the 3D web within an acceptable range, it is essential to use an appropriate air guide. An air guide with a slotted flat top and a solid edge flap was found to give satisfactory results. The location of the air guide is also critical and for our system the optimum location of the air guide was at a distance of 130 mm from the top of the mould. 3D nonwoven shells were manufactured successfully using a prototype designed with the aid of CFD modeling. We are currently conducting further investigations into the formation of more complex shapes and also more effective flow control and bonding techniques, and will present these results in future publications.
